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ABSTRACT Class III multidrug resistance (MDR) P-
glycoproteins (P-gp), mdr2 in mice and MDR3 in man,
mediate the translocation of phosphatidylcholine across the
canalicular membrane of the hepatocyte. Mice with a dis-
rupted mdr2 gene completely lack biliary phospholipid excre-
tion and develop progressive liver disease, characterized
histologically by portal inf lammation, proliferation of the bile
duct epithelium, and fibrosis. This disease phenotype is very
similar to a subtype of progressive familial intrahepatic
cholestasis, hallmarked by a high serum g-glutamyltrans-
ferase (g-GT) activity. We report immunohistochemistry for
MDR3 P-gp, reverse transcription-coupled PCR sequence
analysis, and genomic DNA analysis of MDR3 from two
progressive familial intrahepatic cholestasis patients with
high serum g-GT. Canalicular staining for MDR3 P-gp was
negative in liver tissue of both patients. Reverse transcription-
coupled PCR sequencing of the first patient’s sequence dem-
onstrated a homozygous 7-bp deletion, starting at codon 132,
which results in a frameshift and introduces a stop codon 29
codons downstream. The second patient is homozygous for a
nonsense mutation in codon 957 (C 3 T) that introduces a
stop codon (TGA). Our results demonstrate that mutations in
the human MDR3 gene lead to progressive familial intrahe-
patic cholestasis with high serum g-GT. The histopathological
picture in these patients is very similar to that in the corre-
sponding mdr2(2y2) mouse, in which mdr2 P-gp deficiency
induces complete absence of phospholipid in bile.

Unidirectional transport of organic compounds across the
hepatocyte canalicular membrane into bile is mediated by a set
of primary active export pumps that belong to the superfamily
of ATP-binding cassette (ABC) transporters (1). This set
includes multidrug resistance genes and multidrug resistance-
associated protein genes. In humans there are two MDR genes:
MDR1 and MDR3 (2). MDR1 P-glycoprotein (P-gp) transports
hydrophobic drugs and, when overexpressed, confers multi-
drug resistance to (tumor) cells (3). This protein is expressed
in various tissues including the liver. In contrast, MDR3 P-gp
is a phospholipid translocator (4–6) that is predominantly, if
not exclusively, expressed in the canalicular membrane of the
hepatocyte (7). The function of MDR3 has been elucidated by
disruption of its homologue in the mouse, the mdr2 gene (8).
Mdr2(2y2) knockout mice do not secrete phospholipids into
bile and develop severe liver disease, characterized by inflam-
mation of the portal tracts, proliferation of the bile ducts, and

fibrosis (9). We have hypothesized that the disease is caused by
bile in which the toxicity of detergent bile salts is not inacti-
vated by phospholipids. This hypothesis was supported by the
observation that the severity of the liver disease could be
influenced by modulation of the hydrophobicity of the bile salt
pool (10). Feeding of cholate, which is a relatively hydrophobic
bile salt for mice, strongly aggravated the disease process,
whereas ursodeoxycholate (UDCA), a hydrophilic noncyto-
toxic bile salt, halted it. Because the human bile salt pool is
considerably more hydrophobic than that in the mouse, MDR3
deficiency could be expected to result in development of severe
liver disease or even not be compatible with life (11).

Progressive familial intrahepatic cholestasis (PFIC) is a
heterogeneous group of autosomal recessive liver disorders,
characterized by early onset of cholestasis that progresses to
cirrhosis and liver failure before adulthood (12, 13). PFIC can
be divided in three subcategories: The first type is believed to
be caused by defects in bile salt synthesis (14–16). The second
type is thought to be caused by defective bile salt secretion and
is also called Byler disease (17, 18). Two loci for Byler have
been found and mapped to chromosome 18q21–q22 (19) and
recently to chromosome 2 (20). Patients with bile salt synthesis
defects and Byler patients have normal serum g-glutamyltrans-
ferase (g-GT) levels (21). A third type of PFIC patients can be
distinguished from the other two types by a high serum g-GT
activity and liver histology that shows portal inflammation and
ductular proliferation in an early stage (21, 22). These differ-
ences suggest that a distinct etiological mechanism underlies
this third type of PFIC. In fact, the histological and biochem-
ical characteristics of this subtype resemble the features of the
mdr2(2y2) knockout mouse very closely. The recent finding
that a patient with this PFIC subtype lacked MDR3 mRNA in
the liver further substantiates that the third type may be caused
by MDR3 deficiency (23). In this study we investigated whether
a genetic defect in the MDR3 gene underlies the liver disorders
in PFIC patients with high serum g-GT activity.

PATIENTS AND METHODS

Patient 1. The first patient (B.K.) is a Turkish boy of healthy
consanguinous parents and has one nonaffected sister. There
are no other family members reported with liver disease. He
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has suffered from recurrent bouts of jaundice since the age of
3 months, when he presented with severe icterus, diarrhea,
fever, and pruritus. At the age of 3 years, he was first presented
at the university children’s hospital in Hamburg with hepato-
splenomegaly, elevated serum liver enzymes, increased g-GT
activity (6 times normal), and a high serum bile acid concen-
tration (50 times normal). Prothrombin time was 50% (normal
is .70%). Examination of a liver biopsy of this patient revealed
nonspecific portal inflammation, extensive portal fibrosis, and
cirrhosis. There was no response to UDCA treatment. Ortho-
topic liver transplantation was performed at the age of 3.5
years because of complications of liver cirrhosis. Extrahepatic
bile ducts were patent at time of liver transplantation. Pres-
ently at the age of 6 years he is in a good clinical condition.

Patient 2. The second patient (A.B.) is a North-African boy
of first-cousin parents. The four older siblings are unaffected.
No other patients with liver disease have been reported in this
family, except for the mother who has experienced episodes of
cholestasis during pregnancy. Since the age of 8 months, he has
suffered from recurrent episodes of severe pruritus. He pre-
sented at the Bicêtre Hospital in Paris at the age of 3 years with
hepatosplenomegaly, strongly increased serum g-GT activity
(38 times normal), and increased serum bile acids (16 times
normal), whereas his serum aspartate and alanine aminotrans-
ferase activities were only mildly elevated. Prothrombin time
was ,10% but normalized after vitamin K1 injection. Liver
histology revealed ductular proliferation and extensive portal
fibrosis. Normal intra- and extrahepatic bile ducts were visu-
alized by cholangiography. Despite the start of UDCA treat-
ment at 4 years of age, liver enzymes and liver histology further
deteriorated toward end-stage liver disease with ascites and
severe jaundice. He underwent a liver transplantation at the
age of 9 years and is now in good clinical condition.

Liver Material. The livers of the two PFIC patients with high
serum g-GT activity were studied after transplantation. Livers
of two PFIC patients with normal serum g-GT levels served as
controls. Normal human control liver was obtained from
surgical pathology specimens. All liver material, used in this
study, was snap-frozen in liquid nitrogen immediately after
resectionytransplantation and stored at 270°C.

Immunohistochemistry. Cytokeratin 7 was stained as a
marker for bile duct epithelium by standard immunohisto-
chemical procedures (24). For detection of canalicular proteins
the following antibodies were used: monoclonal antibody C219
(Dako) that binds all P-gps (MDR1, MDR3, and “sister of
P-gp”) and monoclonal antibody M2III-6 that is directed
against canalicular multispecific organic anion transporter
(cMOAT) (25). MDR3 P-gp was detected with the specific
rabbit polyclonal antibody a-REG1, raised against the N-
terminal part of the MDR3 P-gp (amino acids 2–58) (7).
Cryostat sections (3-mm-thick) were air-dried and fixed in
acetone for 10 min at room temperature. After a preincubation
with 10% normal goat serum, sections were incubated with the
primary antibody (1:10 diluted) overnight at 4°C. Endogenous
peroxidase activity was blocked with 0.1% NaN3y0.03% H2O2.
Second antibodies were horseradish peroxidase (HRP)-
conjugated goat anti-mouse IgG2a to detect C219 and cMOAT
and HRP-conjugated goat anti-rabbit for a-REG1 (both at a
1:100 dilution; Dako), to which 10% normal human AB0
serum was added. HRP-based signal amplification was applied
by using the FITC-tyramide procedure (NEN Life Science
Products, Boston, USA), followed by incubation with HRP-
conjugated rabbit anti-f luorescein isothiocyanate (1:100 dilu-
tion; Dako). Finally, slides were developed for HRP activity by
using 5 mgyml 3-amino-9-ethyl carbazole and 0.03% H2O2. To
control for background, incubations without primary antibody
were performed.

RNA Extraction, Reverse Transcription-Coupled PCR (RT–
PCR), and Sequence Analysis. Total RNA was extracted from
liver by the acid-phenol single step method (26). cDNA

synthesis was carried out with 5 mg of total RNA and random
hexamer primers with SuperScript reverse transcriptase (Life
Technologies), at 45°C for 1 h, followed by 1 min 100°C.

The human MDR3 cDNA was amplified from both patients
and control cDNA by using two sets of MDR3-specific primers:
nucleotides 232 to 29, 59-CCTGCCAGACACGCGCGAG-
GTTC-39 (MDR3–1 sense), and nucleotides 2044–2069, 59--
CTTCAAGTCCATCGGTTTCCACATC-39 (MDR3–1 anti-
sense); nucleotides 1912–1936, 59-CAGTCAGAAGAATTT-
GAACTAAATG-39 (MDR3–2 sense), and nucleotides 3829–
3853,59-CTGTAGCAAAAGTTCATAAGTTCTG-39(MDR3–
2 antisense). PCRs were carried out in a Perkin–Elmer GeneAmp
PCR system 2400, in 13 Taq polymerase buffer (Life Technol-
ogies)y1.5 mM MgCl2yall four dNTPs (each at 0.5 mM)yeach
primer at 400 nMy0.5 unit of Taq polymerase. All reactions were
denaturated at 94°C for 5 min and subjected to 35 cycles with an
annealing temperature of 56°C. Each cycle started with 30 s at
94°C, 30 s at the indicated annealing temperature, and 150 s at
72°C. The PCR was terminated after an extension step at 72°C for
7 min. These PCR fragments were excised from agarose gel,
purified, ligated into the TA-cloning plasmid pCRII (Invitrogen),
and transformed into INVaF9 competent cells (Invitrogen).
White colonies were picked and grown overnight, and plasmid
DNA was isolated by using the alkaline lysis method. Of each
patient, at least 10 clones were pooled and both strands were
sequenced with the dideoxynucleotide chain-termination method
(27), by using 15-nucleotide-long internal primers. Analysis for
both patients has been performed in Amsterdam and Bicêtre.

Genomic DNA Analysis. Genomic DNA was isolated from
leukocytes and the region containing the mutation was am-
plified, by using primers that encompass the mutation. For
patient one (B.K.), both parents, and his sister, we used as a
sense primer, 59-CTCAGGATTGGTGCTGGAGTTC-39
(residues 360–382), and as antisense primer, 59-CGTGGCT-
ACTGCTTGAAAG-39 (residues 585–603). The resulting
1.3-kb PCR fragment, containing intron 6 (1.15 kb), was
cleaved with SalI. Single-strand conformation polymorphism
(SSCP) analysis was performed on the 69-bp restriction frag-
ment encompassing the 7-bp deletion (28). After denaturation,
DNA was directly cooled on ice and electrophoresed at 4°C.
DNA was stained with a standard silver staining protocol
(Bio-Rad). For patient two (A.B.) and parents, we used as the
sense primer 59-GCAGAAGGCACACATCTATG-39 (resi-
dues 2793–2812) and as the antisense primer 59-AGAATAA-
CATCTCTGAAGCG-39 (residues 2906–2934), after which
restriction analysis with TaqI was performed.

RESULTS

The biochemical and histological features of the two patients
under study fall in the third group of PFIC patients with high
serum g-GT activity. Histological examination and immuno-
histochemical staining with cytokeratin 7 of the resected livers
of both patients revealed extensive bile duct proliferation and
ductular metaplasia of hepatocytes near the portal tract (Fig.
1 D and G) (24). Both patients had developed complete
cirrhosis with portal bridging fibrosis. In both patients a defect
in bile salt synthesis was excluded. Serum bile salt analysis by
HPLC showed normal concentrations of cholate (41%) and
chenodeoxycholate (59%) species. No abnormal bile salt spe-
cies could be detected in urine of patient 2 via fast atom
bombardment MS (16). Immunohistochemistry was per-
formed on frozen liver sections with a polyclonal antibody
against MDR3 P-gp, a-REG1 (7). The epitope for a-REG1
resides in the N-terminal part of the MDR3 P-gp (codon 2–58).
In normal human control liver (Fig. 1C) and in PFIC patients
with normal serum g-GT activity (Fig. 2), the antibody stained
the canalicular membrane of the hepatocyte throughout the
entire liver lobule. In contrast, liver sections of both patients
showed complete absence of canalicular staining (Fig. 1 F and
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FIG. 1. Immunohistochemical staining of control and patient livers. (A–C) Normal human control liver. (D–F) Patient 1. (G–I) Patient 2. (A, D, and
G) Immunohistochemical detection of cytokeratin 7 in bile duct epithelium cells. Both patient livers have extensive ductular proliferation (dark staining)
and metaplasia of hepatocytes to a ductular phenotype near the portal tract (light staining). (B, E, and H) Immunostaining with C219, a monoclonal
antibody against all mammalian P-gps. All livers demonstrate canalicular staining. (C, F, and I) Immunostaining with a-REG1 (a polyclonal antibody
against MDR3 P-gp). In contrast to normal human liver (C), both patient livers (F and I) reveal absence of canalicular staining for MDR3 P-gp.
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I). As control, other canalicular transporters were stained. The
monoclonal antibody C219, which is directed to all P-gps
including MDR1, stained the canalicular membrane in livers of
both patients (Fig. 1 E and H), in human control liver (Fig. 1B),
and in livers of PFIC patients with normal g-GT levels (data
not shown). A monoclonal antibody against the canalicular
multispecific organic anion transporter cMOAT (M2III-6) (25)
also stained the canalicular membrane in all liver specimens
(data not shown). This strongly suggests that both patients
specifically lack MDR3 P-gp.

RT–PCR was performed on liver RNA of both patients.
Sequence analysis of the RT–PCR products covering the
complete coding sequence of patient one (B.K.) revealed a
homozygous 7-nucleotide deletion starting at codon 132
(TATATAC). This deletion results in a frameshift (Fig. 3A)
and subsequent introduction of a stop codon 29 codons
downstream. Sequence analysis of RT–PCR products from the
second patient (A.B.) revealed a nonsense mutation in codon
957 (C3 T), which introduces a stop codon (TGA) (Fig. 3B).

Although sequence analysis of RT–PCR products suggests
that both patients are homozygous for their mutations, it
cannot be excluded that these patients are genetic compounds
having the combination of a spontaneously mutated allele with
a null allele. Therefore, genomic DNA analysis from leuko-
cytes of both patients and their first-degree relatives was
performed to clarify the inheritance pattern. The mutation in
patient two deletes a TaqI restriction site (59-TCGA-39, where
the boldface type is the mutated nucleotide C3 T). This could
be used to confirm the homozygous state of the patient and the
heterozygous state of both parents with amplified genomic
DNA (Fig. 4A). In patient one, the deletion did not lead to gain
or loss of a restriction site. Therefore, homozygosity of the
patient (2y2), heterozygosity of the parents (1y2), and
homozygosity of the sister (1y1) was confirmed by perform-
ing PCR–SSCP analysis on genomic DNA (Fig. 4B). These
data confirm the homozygosity of both patients for the de-
tected mutation, and in addition, clearly demonstrate that
PFIC has a recessive inheritance pattern.

DISCUSSION

This report describes the defects in a human MDR gene and
emphasizes the important physiological role of MDR3 P-gp.
MDR3 deficiency, as identified in these two children, induces
severe progressive intrahepatic cholestasis that becomes man-
ifest within 1 year after birth and progresses toward hepatic
failure. In both patients described herein, the mutation gives
rise to a truncated protein. No MDR3 P-gp could be detected

in both patients (Fig. 1 F and I) by using the polyclonal
antibody a-REG1, which binds to the N terminus of the
protein. The (near) absence of any protein can be explained in
two ways. The truncated protein may be broken down very
rapidly after synthesis giving rise to extremely low steady-state
levels of the protein. Alternatively, the premature stop codon
may lead to instability of MDR3 mRNA. The latter explanation
is supported by the finding of a nearly absent signal for MDR3
mRNA upon Northern blotting of liver of patient 2 (data not
shown).

It has been demonstrated unambiguously that deficiency of
the mdr2 P-gp in the mouse completely abrogates biliary
phospholipid secretion. The human MDR3 gene has a very
high degree of homology with the murine mdr2 gene, suggest-
ing that it serves the same function. This hypothesis was
recently confirmed by the transgenic expression of the MDR3
gene in mdr2 knockout mice, which restores phospholipid
secretion completely (A.J. Smith, personal communication).
Thus, it can be concluded that absence of MDR3 P-gp in man
also leads to a defect in phospholipid secretion. Indeed, bile of
another patient with the same disease phenotype (PFIC with
high g-GT) was reported to lack biliary phospholipid (less than
1 mM) but to have a normal bile salt concentration (103 mM;
J.M.L.d.V., unpublished observations).

FIG. 2. Immunohistochemical detection of MDR3 P-gp in a PFIC
patient with normal serum g-GT activity. Canalicular staining of
MDR3 P-gp with a-REG1 demonstrates a normal expression level of
this protein. Note the portal fibrosis without ductular proliferation as
revealed by hematoxylin staining.

FIG. 3. Parts of the MDR3 cDNA sequences of patient 1 (B.K.) (A)
and patient 2 (A.B.) (B) encompassing the mutations. Normal se-
quence is depicted left of the sequence of each patient. The box in A
indicates the 7-bp deletion (TATATAC) of patient B.K. starting at
codon 132, which results in a frameshift and subsequent stop codon 29
codons downstream. The arrow in B indicates the single base-pair
substitution in codon 957 (C3 T) in patient A.B. that results in a stop
codon (CGA 3 TGA).
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Mdr2 (1y2) mice, with a maximal phospholipid secretion of
60% of controls, do not develop liver disorders (8, 9). Hence,
relatives of these patients, which are heterozygous for MDR3,
are not likely to develop any liver disorders, although mild
alterations in liver histology cannot be exluded. For example,
the mother of patient 2 experienced recurrent episodes of
cholestasis during pregnancy. The detergent action of simple
bile salt micelles, which is normally inactivated by phospho-
lipids, solubilizes the membranes of bile duct epithelial cells
lining the biliary tree (11). This explains the histological
features, characteristic for high serum g-GT PFIC patients:
inflammatory reactive changes, proliferation of the bile duct
epithelium, and ductular metaplasia (24). It could well be that
the high serum activity of the apical ectoenzyme g-GT results
from the continuous exposure of the biliary epithelium and the
bile canaliculi to the hydrophobic bile salts, the detergent
action of which is not longer inactivated by phospholipids. This
could lead to increased solubilization of g-GT from the
membrane that could be regurgitated through the paracellular
pathway (16, 17). Other feasible explanations are increased
expression andyor mistargeting of the enzyme to the basolat-
eral membrane that could lead to higher g-GT activity in
serum.

In the mdr2(2y2) mouse model, it was observed that
feeding the noncytotoxic bile salt UDCA led to a complete
replacement of the endogenous bile salt pool with UDCA and
that this halted the progression of liver disease (10). In

addition, UDCA has been shown to be effective in a variety of
pediatric hepatobiliary diseases (29). In PFIC patients with
high serum g-GT, only 46% responded to treatment with
UDCA (30). One explanation for nonresponsiveness could be
that, in contrast to the mouse (10), UDCA treatment of
humans only leads to a partial replacement of the bile salt pool.
In addition, the UDCA treatment has been applied in a
relatively late stage of the disease, when cholestasis had been
manifest for a longer period. We hypothesize, however, that
nonresponders have a complete defect in phospholipid secre-
tion and that the partial UDCA replacement is insufficient to
reduce the increased bile salt toxicity in phospholipid-free bile
of these patients. Patients who do respond to UDCA treatment
(29, 30) may have a partial defect and the residual phospholipid
concentration in bile, combined with a partial UDCA replace-
ment, may be sufficient to reduce the bile salt toxicity below
a critical threshold. The fact that our two patients have a
complete defect and did not respond to UDCA treatment is in
line with this hypothesis. Early detection of a (partial) MDR3
defect in PFIC patients with high serum g-GT might increase
the chance of response toward UDCA treatment. Nowadays,
this can be achieved by means of bile sampling, which is
possible within 2 months after birth. If bile analysis reveals a
diminished or absent phospholipid concentration, further
analysis for MDR3 deficiency should be performed at a
molecular level.
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